ABSTRACT. Periodic growth incremental lines are found universally in dental hard tissues. This periodicity theoretically allows for estimation of age, even in days, which would be useful in studies of wild animals. In the present study, enamel and dentin increments of the sika deer (Cervus nippon) were observed in ground sections with a polarized light microscope, and their periodicity was examined by the use of a chronological labeling method with fluorochromes. Enamel increments occurred at a mean interval of 10.6 (SD=1.5) µm, and mean spacing of dentin increments was 17.3 (SD=1.8) µm. Fluorochromic marking revealed that incremental lines form each day in enamel and almost every second day in dentin. The fluorescence-labeled lines suggest that enamel formation of the first m olar is complete by the age of 5 months. Due to its longer interval of incremental lines and longer term of formation, we conclude that dentin is more suitable than enamel for day-age estimation in sika deer. Experimental confirmation of incremental growth periodicity in various species can improve the reliability of use of tooth increments for age estimation and life history reconstruction.
Incremental lines that demonstrate regular growth are universal in dental hard tissue. Increments of enamel and dentin reflect systematical metabolic rhythms [11, 21] , and many studies have revealed circadian patterns and even subdaily (infradian or ultradian) patterns in various animals [e.g. 3, 7, 17, 18, 22] . This periodicity theoretically allows for estimation of age, even in days; incremental lines have been used to estimate day-age at death in some anthropological studies [1, 4, 5, 9] . The ecological relevance of these increments has also been investigated, and has been used to reconstruct individual life histories [6, 12, 13, 15] . Thus, a better understanding of tooth incremental lines may facilitate studies of wild animals where continuous observation is difficult.
In a previous study [10] , we showed the daily periodicity of incremental lines in dentin of deciduous teeth from sika deer (Cervus nippon) by the use of decalcified cross sections stained by Bodian's method. However, those findings suggest that permanent teeth are more appropriate than deciduous teeth for age estimation from dentin increments because of differences in dentin deposition rate [10] . In addition, because tooth enamel is eroded by decalcification, enamel increments could not be observed. Most of the day-age estimations and reconstructions of life histories were performed with the Retzius lines, which are long-period lines in enamel. Therefore, in the present study, we prepared longitudinal undecalcified ground sections from first molars (permanent tooth) of sika deer, and examined the incremental lines in enamel and dentin.
MATERIALS AND METHODS
The animals used were originally described by Iinuma et al. [10] . Six sika deer fawns were obtained from the captive herd of Ashoro district in eastern Hokkaido. For chronological labeling, each deer was given alternate injections of the vital stains oxytetracycline and calcein, at 13-to19-day intervals between August and October 1998. The detailed injection histories are shown in Fig. 1 .
First molars were extracted and fixed in 10% buffered formalin for 1 week, then air dried and embedded in resin (Epofix: Marumoto Struers K. K., Tokyo, Japan) in a vacuum desiccator, and polymerized at room temperature for 1 day or longer. The polymerized tooth was cut longitudinally with a diamond-edged saw through the mesial and distal cusps in the bucco-lingual plane (Fig. 2) . After grinding to remove scratches, the cutting plane was dried and bonded to a glass slide with epoxy glue. The specimen was sectioned at a thickness of 300 to 400 µm with a Crystal Cutter NOVA (Maruto Instrument Co., Ltd., Tokyo, Japan), and the sections were ground to a thickness of 60 to 80 µm with descending grits of carborundum (600-4000 grit) with paraffin oil. Bonding the specimen to a glass slide made it easier to prepare a uniformly thin section. To avoid expansion of tooth structure from water absorption, oil was used as the grinding medium. After the specimen was rinsed well in paraffin oil, it was coated with nail polish for microscopy.
Sections were examined with a polarized light and fluorescence microscope (BX60: Olympus Co., Ltd., Tokyo, Japan). Using an ocular micrometer, the spacing of increments was measured along the enamel rods or dentinal tubules, because they mark the path of growth. Increments between labeling lines were counted in superimposed photomicrographs taken with a high-resolution digital camera (HC-2000: Fuji Photo Film Co., Ltd., Tokyo, Japan). First, we photographed the incremental lines in polarized light. Without altering the field of view, the microscope was switched to fluorescent mode (blue-violet light), and oxytetracycline and calcein labeling lines were recorded. Images were transmitted to a computer and composed with image editing software (Adobe Photoshop: Adobe Systems, Inc., 1989-1998). The measurements and the counting were conducted in areas of the tooth where increments were distinctly visible, and repeated at least three times for each slide. To test the accuracy of this superimposition method, both polarized and fluorescent illuminators were used simultaneously with the section showing sufficiently intense fluorescence. It was possible to observe both increments and labeling lines at the same time. The increments between labeling lines on this image corresponded with those in the superimposed image.
RESULTS

Enamel structures:
Minute linear increments ran oblique to the enamel-dentine junction (EDJ). Schreger bands appeared distinctly as light and dark bands running from the EDJ to the enamel surface (Fig. 3b) . The increments recurred at an average interval of 10.6 µm (minimum, 8.1 µm; maximum, 14.7 µm), and the interval tended to increase from EDJ to enamel surface. We observed some calceinlabeled lines in cervical enamel, but did not observe oxytetracycline-labeled lines under fluorescent light. The number of calcein-labeled lines differed among the sites of tooth and among animals. The greatest number of calcein-labeled lines in enamel was observed in the disto-buccal area of the tooth, where two fawns had 1 labeled line, two fawns had 2 labeled lines, and one fawn had 3 labeled lines. When only 1 or 2 calcein-labeled lines were observed, we estimated the injection history of each line based on fluorescence-labeled lines in dentin ( Table 1 ). The number of incremental lines between fluorescence-labeled lines could only be counted in one sample, in which the number of lines was almost equivalent to the number of days between labeling injections (Fig.  3) . The mean rate of enamel deposition, which was calculated by dividing the distance between calcein-labeled lines by the interval (days) between injections, was 11.2 (SD=2.5) µm per day. There was very close agreement between spacing of incremental lines and daily deposition rate (Table 1) . Other increments (long-period lines) were not distinctly visible.
Dentin structures: In the crown dentin, we observed wider incremental lines, which crossed the dentinal tubules and ran parallel to the outline of the pulp cavity. The most distinctly visible incremental lines were observed in the cervical area and in the occlusal wall of the pulp chamber (Fig.  2) . Incremental lines appeared distinctly at the outer (EDJ side) wall in the occlusal dentin, and other increments were visible at the inner (pulp side) wall in the cervical dentin. Spacing of incremental lines varied considerably within a tooth; in the cervical region, the mean value was 17.3 µm (minimum, 14.8 µm; maximum, 21.2 µm). In all animals, the number of fluorescence-labeled lines was in accord with the injection time. From 5 to 8 incremental lines were observed between adjacent labeled lines, and the periodicity of the increments was calculated as 2.3 days (Fig. 4) . In the cervical region, the mean rate of dentin deposition was 7.4 (SD=1.2) µm per day. The spacing of incremental lines was approximately equivalent to twice the value of the daily deposition rate (Table 1) .
DISCUSSION
In the present study, the number of the enamel increments between successive labeled lines was consistent with the number of days between injections, suggesting that the incremental lines observed under polarized light reflect the daily periodicity in enamel. The results of comparison between recurrent intervals of increments and daily deposition rates support this suggestion. Similarly, fluorochromic marking revealed that the incremental lines in dentin observed under polarized light are formed at almost every second day.
In the present study, calcein was visible in enamel as diffused fluorescent lines but oxytetracycline was not visible. Unless administered at a very high dose, tetracycline is removed from enamel during maturation [2, 19] . Therefore, a dose of 40 mg/kg oxytetracycline should be insufficient for enamel labeling. Although the underlying cause of this calcein staining is unclear, it may have been due to the dose (6 mg/kg). It is likely that the line labeled by the third calcein injection was not present in enamel in 4 of 5 animals. This suggests that crown formation was completed before the third calcein injection in late October. Because the sika deer is a seasonal breeder with calving time concentrated in May and June (with some exceptions) [14, 16, 20] , the present findings suggest that enamel formation of the first molar is completed at the age of 5 months at the latest. Dentin formation continues for a longer time, until the pulp cavity is filled; thus, dentin incremental lines can be used to determine a wider ranges of ages than enamel incremental lines. Additionally, the long-period lines in enamel were indistinct and dentin increments have a longer period, suggesting that dentin is more suitable for age estimation in sika deer than enamel. As the dentin developed, the area showing countable increments was shifted: in the occlusal area, distinct incremental lines appeared at the EDJ side; in the cervical area, countable increments were visible at the pulp side. To estimate age, all the increments from birth to death must be counted. In on previous study, in which cross sections of deciduous teeth were used, the increments were not distinctly visible near the pulp cavity [10] . Changing the counting site on longitudinal sections of permanent teeth may resolve this problem and allow estimation of age in days.
The incremental growth tracks represent an internal record. Incremental lines have been used in some studies and led to interesting results, but the nature of this periodicity has been the subject of debate [8] . Macho and Williamson calculated crown formation times and the point at which stress lines form, in histological ground sections of molars of bovids [15] . However, their calculations were based on the assumption that enamel cross-striation reflects daily periodicity, as in primates, although this has not been confirmed in bovidae. Experimental confirmation of incremental growth periodicity in various species can improve the reliability of using tooth increments for age estimation and life history reconstruction.
